Spin-orbit coupling fundamentally alters spin qubits, opening pathways to improve the scalability of quantum computers via long distance coupling mediated by electric fields, photons, or phonons [1, 2] . It also allows for new engineered hybrid and topological quantum systems [3] [4] [5] . However, spin qubits with intrinsic spin-orbit coupling are not yet viable for quantum technologies due to their short (∼ 1 µs) coherence times T 2 [6] [7] [8] [9] , while qubits with long T 2 have weak spin-orbit coupling [10] [11] [12] making qubit coupling short-ranged and challenging for scale-up. Here we show that an intrinsic spin-orbit coupled "generalised spin" with total angular momentum J = 3 2 , which is defined by holes bound to boron dopant atoms in strained 28 Si, has T 2 rivalling the electron spins of donors and quantum dots in 28 Si [10] [11] [12] . Using pulsed electron paramagnetic resonance (EPR), we obtain 0.9 ms Hahn-echo and 9 ms dynamical decoupling T 2 times, where strain plays a key role to reduce spin-lattice relaxation and the longitudinal electric coupling responsible for decoherence induced by electric field noise [13] . Our analysis shows that transverse electric dipole can be exploited for electric manipulation and qubit coupling [13] while maintaining a weak longitudinal coupling, a feature of J = 3 2 atomic systems with a strain engineered quadrupole degree of freedom. These results establish single-atom hole spins in silicon with quantised total angular momentum, not spin, as a highly coherent platform with tuneable intrinsic spinorbit coupling advantageous to build artificial quantum systems and couple qubits over long distances.
Hole spins bound to group-III acceptors in Si have compelling properties for building qubits with spin-orbit coupling. These properties derive from the Γ 8 symmetry of valenceband holes where the L = 1 angular momentum of the atomic orbitals |p x,y,z couples to spin S = } generalised spin-subsystem (Fig. 1c) , which has been predicted to have enhanced immunity to decoherence from electrical noise [20] and has a reduced longitudinal relaxation rate [22, 23] . For both the strained and relaxed samples we use low-temperature (base tem- (Fig. 3b ) measurements in the relaxed and strained samples (black and red symbols, respectively). We obtain T 2 measured by Hahn-echo decay, T 2H , by fitting to a compressed exponential Aexp{−(2τ /T 2H ) β }, where β reveals temporal noise characteristics [10, 27] . For the relaxed sample, fitting results in T 2H of 23±1 µs and β = 1.05 (blue curve). For the strained sample, we find enhanced T 2H of 0.92 ± 0.01 ms with β = 2.45 at | − → B 0 | = 175.7 mT (green curve). We observe an improvement in T 2H over the full range g * = 2.4-2.6; T 2H = 0.93±0.02, 0.97±0.02, and 0.78 ± 0.03 ms and β = 3.5, 3.0, and 2.9, for | − → B 0 | = 190.5, 182.0 and 171.7 mT, respectively (see Supplemental material). This improvement compared to the relaxed sample is attributed to the strain-engineered quadrupole coupling as discussed later. We also find a noticeable component of fast decay (2τ 300 µs, black dashed line) for the strained sample.
Because of the random distribution of boron atoms in the sample, the local environments and thus T 2 of each generalised spin may differ. We posit that the fast decay is due to a generalised-spin subset strongly coupled to decoherence sources such as another closely placed boron atom, impurities, or surface defects, which could be reduced by lower boron concentration, higher crystal purity, or a standard annealing procedure. The generalisedspin subset well isolated from such decoherence sources is thus responsible for the slow decay with T 2H of 0.92 ± 0.01 ms. T 1 is measured with an inversion-recovery pulse sequence (Fig. 3b, top left) consisting of a first inversion pulse, a subsequent
Hahn echo pulse sequence and a time interval t ′ between them. Inversion-recovery signals as a function of t ′ are well fitted by an exponential function A − Bexp(−t ′ /T 1 ) in both samples (solid curves in Fig 3b) ; we obtain T 1 of 85 ± 9 µs for the relaxed sample and 5 ± 1 ms for the strained sample. The T 1 improvement in strained Si:B is consistent with the previous experimental report [22] , attributed to quadrupolar elastic coupling suppressed by strain [23] . We note that T 2H and T 1 of the relaxed sample are also longer than those observed in nat Si:B (∼ 2 µs and 4 µs, respectively) [7] , which could be explained by a lower temperature than the previous report.
Remarkably, T 2H of the generalised spin {
} in the strained sample is comparable to T 2H ∼ 3 ms obtained for 10 15 -cm −3 concentration P donors in 28 Si [10] . The spin-echo decay curves of the strained sample have β ≈ 2.5-3.5 such that decoherence is induced by slow fluctuations (spectral diffusion) [10, 27] . In contrast, an 28 Si:P ensemble has β ≈ 1 derived from instantaneous diffusion where spin re-focusing is disrupted by EPRdriven flips of neighbouring spins [10] . For strained 28 Si:B, this process has a negligible effect because of g-factor inhomogeneity much larger than the 28 Si:P ensemble. Without instantaneous diffusion, spectral diffusion in the 28 Si:P ensemble provides T 2H of ∼ 100 ms.
Importantly, T 2H is also comparable to measured values for state-of-the-art electron-spin qubits defined by 28 Si quantum dots without spin-orbit coupling [12] , and exceeds measured values for electron-spin qubits with extrinsic spin-orbit coupling induced by integrated micromagnets [17] [18] [19] . This demonstrates that the 28 Si:B generalised spin can be as coherent as electron spins in 28 Si.
Decoherence due to spectral diffusion can be ameliorated by dynamical decoupling. Figure 4 shows the refocused echo intensity in the strained sample as a function of time after the first (π/2) X pulse, measured by the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (top right). By fitting an exponential function (solid curve) to the spin-echo decay, we obtain T 2CPMG of 9.2 ± 0.1 ms, that is 10-times longer than T 2H of the strained sample, 400-times longer than T 2H in the relaxed sample and over four orders of magnitude longer than other solid-state systems with intrinsic spin-orbit coupling in previous reports [6, 8, 9] . Notably, we find that T 2CPMG is very close to the upper bound of T 2 set by longitudinal relaxation, 2T 1 , for the strained sample. Magnetic field direction and further strain engineering could be used to further improve T 1 [20, 28] and therefore improve T 2CPMG (see Supplemental material).
We now discuss the improvement in hole generalised spin coherence in strained linewidths of state-of-the-art 28 Si electron spin qubits without external sources of spin-orbit coupling [11, 12] . We also note that smaller | − → χ | and thus longer T 2 can be available by aligning the magnetic field to the [100] direction without influencing − → v α . These observations imply that acceptor-bound holes embedded into silicon field-effect transistor devices [21] could offer long T 2 and spin-orbit functionality usable for quantum manipulations.
Together with long T 2 , several mechanisms could be employed to realise hybrid spinphoton systems or long-range spin-spin interactions via photons in superconducting microwave resonators. The key strategy will be to engineer the spin-photon interaction to realise the strong coupling regime without increasing decoherence. This could be achieved by periodically modulating the transverse or longitudinal couplings to enhance the spinphoton interaction [30] . Indeed, an oscillating control electric field − → E c (t) can be used to
) via the second-order effect of electric field attributed to quadrupolar coupling of hole generalised spins (see Supplemental material).
Alternatively, the transverse coupling to x-and y-oriented electric fields could be statically enhanced using a z-oriented electric field and interface via a Rashba-like quadrupolar interaction at a sweet spot with long T 2 [20] . We note that − → E along the z axis enhances
without changing the − → χ ( − → E ) up to higher order terms for generalised spins (see Supplemental material). This means that the generalised-spin qubit allows to control the transverse coupling without increasing the longitudinal coupling by − → E along z. Phonon coupling stands out as an alternative qubit coupling mechanism [23] , and the coherence properties we have verified make Si:B hole generalised spins interesting candidates for phonon coupled hybrid systems using silicon mechanical resonators. Systems where holes are allowed to tunnel between neighbouring quantum dot or Si:B sites [21] will experience spin-orbit coupling, which could be useful to realise exotic spin-orbit coupled states [4, 5] . It should be possible to combine these spin-orbit functionalities with long T 2 because the transverse coupling could be engineered without increasing decoherence induced by the longitudinal coupling to electric fields.
We have experimentally established long T 2 in generalised hole spins bound to acceptor atoms in mechanically strained Si where total angular momentum J, and not real spin S, is a good quantum number. Our measured T 2 times are similar to state-of-the-art results for systems such as electrons bound to Si:P donors and Si quantum dots, and three to four orders of magnitude longer than other solid-state systems with spin-orbit coupling. These observations open up a new and promising pathway to use spin-orbit coupling available in holes to engineer new kinds of highly coherent hybrid quantum systems and to achieve long distance spin qubit coupling for single atom qubits in silicon.
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Exponential fit T 1 = 5 ± 1 ms (Fig. 2a) .
While both the 28 Si and fused silica chips in this stack are mechanically relaxed at room temperature, biaxial tensile strain is applied to the 28 Si chip at low temperature owing to the difference in thermal expansion coefficient of these two materials [34] . The magnitude of the strain applied to the strained sample is discussed in the section Strain analyses.
To perform EPR spectroscopy at millikelvin temperature, we use a superconducting coplanar waveguide cavity with a small mode volume. The cavity is fabricated from 100-nm-thin niobium film and consists of a 20-µm-wide centre conductor and 12-µm-wide separations between the centre conductor and ground plates, which yield the characteristic impedance of 50 Ω on 400-µm-thick highly resistive silicon substrate. Each sample is mounted to the cavity in an independent experimental run to avoid overlapping signals from different samples. To couple to the cavity modes, the samples are closely fitted to the cavity so that the polished silicon surface faces the cavity structure and fixed by GE varnish (Extended Data   Fig. 5a ).
A cavity chip together with a sample is mounted to the lowest temperature stage of a dilution refrigerator with EPR experimental set up as shown in Extended Data Fig. 5b .
Extended Data Fig. 5c shows a typical transmission spectrum through the refrigerator with the cavity cooled down to ∼ 25 mK at zero magnetic field. Cavity resonance modes appear at each ∼ 2.1 GHz. For EPR experiments, we use the cavity mode at ∼ 6.3 GHz (green arrow), which has a linewidth of ∼ 1 MHz and a quality factor of ∼ 6, 000. The magnetic field B 0 is applied parallel to the resonator surface to maintain the resonator's quality factor, which is more than 3,000 at the magnetic fields used for experiments. The Fig. 5a ). In the spin-echo measurements, output from the refrigerator is demodulated into quadrature signals I(t) and Q(t), and recorded by a digitiser. Spins are manipulated by microwave pulses modulated by the modulation block containing microwave switches and an IQ mixer controlled by arbitrary waveform generators. (π/2) X and (π) Y pulses used in this work are microwave modulated by 300-ns-long square pulse without phase shift and 600-ns-long square pulse with phase shift of π/2, respectively. Extended Data Fig. 5d displays a typical output signal in the form of time-domain amplitude V (t) = I(t) 2 + Q(t) 2 after a standard
Hahn-echo pulse sequence consisting of (π/2) X and (π) Y pulses and τ = 6 µs. A spin-echo signal emphasised by red lines appears just after large pulsed signals corresponding to the (π/2) X and (π) Y pulses, assuring that we can detect spin signal by using this experimental setup.
Strain analyses. A previous report shows that bulk silicon (silica) contracts by 0.021 % (∼ −0.002 %) for each direction when it is cooled down from 293 K to 4 K [34] . This thermal expansion mismatch induces biaxial tensile strain of up to ∼ 0.023 % in the silicon layer of the stack structure used for the strained sample. Strain in the actual sample is less than this estimation and also distributed owing to the finite thickness of the silicon layer.
Based on a more sophisticated calculation of stress in a stack structure [35] , we expect biaxial tensile stress of ∼ 30 MPa is induced to the silicon layer (Extended Data Fig. 6a ).
Assuming Young's modulus 130 GPa and Poisson's ratio 0.28 along the [100] axis in silicon,
we find that tensile biaxial strain of ∼ 0.017 % is induced to the silicon chip. Numerical simulation of the strain distribution in the stack structure also shows biaxial tensile strain of 0.032 % at the centre of the sample (Extended Data Fig. 6b ). This simulation also implies that, while strain is uniform around the centre of the silicon layer, decreases and eventually turns to compressive strain with approaching the sample edge. This strain variation induces difference between strain along x and y axis and thus could result in the distribution in g * value of boron spins in the strained sample (see the section Landé g-factor distribution induced by strain anisotropy).
We also perform X-ray diffraction analysis at low temperature by using an identical stack structure by using nat Si wafer instead of 28 Si. While the silicon (400) diffraction angles taken from the stack structure and a reference silicon sample well coincide at room temperature, they gradually move apart as temperature decreases (Extended Data Figs. 6c and d) . This indicates that the silicon layer in the stack structure is contracted perpendicularly to the surface more than normal thermal contraction observed in the reference sample. This extra contraction in the stack structure is associated with stretch along the silicon surface as expected. From these measurements, we estimate biaxial strain in the silicon layer of the stack structure at 0.028 % tensile which is consistent with the expectation from the difference in thermal contraction.
Detail of spin-echo measurements. In Hahn echo measurements, recorded signals I(t)
and Q(t) are converted to an time-domain amplitude V (t) and subsequently integrated over a time span around the echo signal as shown by the red arrow in Extended Data Fig. 5d .
Data plotted in Fig. 3 Extended Data Fig. 7c shows the fine structure of the boron spin-echo spectrum in the relaxed sample. The spectrum consists of a sharp line and backgrounding broad line rather than simple single peak, indicating that two different spin transitions occur at almost the same magnetic field. This observation is reasonable for the relaxed sample because the transition. We fit a sum of two Gaussian functions
, where , 2) , to the data, obtaining a linewidth δ n of 3.7 mT (1.0 mT) for the broader (sharper) spin-echo peak as shown by the orange (blue)
curve. These linewidths well coincide with previously measurements in relaxed 28 Si:B [25] .
We note that, while 28 Si:B resonance lines are reported to be well fitted by Lorentzian functions [25] , Lorentzian fit of our peak shape implies unrealistic thermal population of hole spin states and thus we use Gaussian functions for fitting.
Landé g-factor distribution induced by strain anisotropy. As implied by Extended Data Fig. 6b , strain in the stack structure for the strained sample is not perfectly biaxial (ε xx = ε yy ) but strain along the [100] and [010] axes can be different (ε xx = ε yy ). Extended
Data Fig. 8a shows eigenenergy spectra of an acceptor-bound hole for three different sets of ε xx and ε yy with same ε xx + ε yy : (ε xx , ε yy ) = (0.02 %, 0.02 %), (0.025 %, 0.015 %) and (0.015 %, 0.025 %). A marked difference appears in the magnetic field dependence, while energy splitting at zero magnetic field shows only a little change. The magnetic field dependence in the low magnetic field regime (Extended Data Fig. 8b ) is relevant to this work, characterised by the effective g-factor g * . We calculate g * value from such energy spectra and plot them as a function of ε xx and ε yy as shown in Extended Data Fig. 8c . Here we assume − → B 0 is not perfectly aligned to the [110] axis but misaligned by ∼ 10 degrees. The g * value is changed by ∼ 0.1 when strain anisotropy (ε xx − ε yy )/2(ε xx + ε yy ) is ∼ 20 %.
Since Extended Data Fig. 6b implies that strong strain anisotropy appears near the edges of the silicon layer, the observed distribution in g * value is presumably attributed to strain anisotropy in the real sample.
Magnetic field used to measure data in Figs. 3 and 4 . While the |m J | = transition from spin-echo decay measurements. In addition the spin temperature is estimated at ∼ 300 mK from ratio of the Hahn-echo intensity between the |m J | = transition. This assures that the thermal population of the Electric dipole moment and coupling to phonons. The effective Hamiltonian that describes the response of the qubit to electric fields − → E iŝ
Here, ω 0 is the qubit Larmor precession frequency without electric fields. ω is the change in Larmor frequency with electric fields. Fluctuations of ω, δω − → E ) in accordance with the effect in ω and Ω α , respectively. We note that the XY Z coordinate system, in general, coincides neither the real-space xyz coordinate nor the simple rotating frame coordinate commonly used to discuss electron spin resonance. Finite strain deviates the spin precession trajectory of holes from the plane perpendicular to the magnetic field, requiring complicated rotations to obtain a frame where the hole spin is static.
We have calculated χ i , χ ij , v αi and v αij in Eqs. (2) and (3) for the charge-like subsystem 
Here θ 
while for θ 0 = π/4 as in the experiment we have
Here, ρ = 2990 kg/m 3 is the mass density of silicon and v l = 8.99 × 10 3 m/s (v t = v l /1.7) is the longitudinal (transverse) speed of sound in silicon crystal. When the gap ∆ dominates ω 0 we obtain the following non-zero electric dipole matrix elements to lowest order in ω 0 /2∆ using a Schrieffer-Wolff transformation: as shown in the main text.
We note that, while this estimation is made on the assumption ω 0 /∆ ≪ 1, well coincides with a result obtained by exact diagonalisation approach with an accuracy of 1 %. 
